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Abstract
Connexins form intercellular communication channels known as gap junctions (GJs),
which are found throughout the vertebrate species. GJs formed by different connexins harbor
unique channel properties that have not been fully defined. High-resolution structures of native
Cx46 and Cx50 GJs from sheep (sCx46 and sCx50) were recently resolved. Molecular dynamics
studies identified the NT domains, especially the 9th position, as key determinants in the
differences of energetic barrier to K+ permeation in sCx46 and sCx50 GJs. We studied functional
properties of GJs formed by sCx46, sCx50, NT domain swapped chimeras (sCx46-50NT and
sCx50-46NT), and point variants at the 9th residue (sCx46-R9N and sCx50-N9R) in GJ-deficient
N2A cells. We found that these variants formed functional GJs except sCx46-50NT. Altered single
channel conductance, open dwell time, and Vj-gating in these variants indicate that that the NTdomain is important for the rate of ion permeation, open stability, and Vj-gating of these GJs.
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Lay Summary
The lens of the eye is devoid of blood vessels. As a result, the circulation of substrates in
the lens is dependent on gap junction channels. These specialized channels connect neighboring
cells directly to allow intercellular transport of ions, nutrients, signaling molecules, and metabolic
wastes. Connexins are the building blocks for gap junction channels. Gap junctions composed of
different connexins showed distinct channel properties, but the underlying molecular/structural
mechanisms are not fully defined. Lens fiber cells express connexin46 and connexin50, and
mutations of each of these connexin genes were found to be associated with inherited cataract.
Recently, high-resolution structure models of sheep lens connexin46 and connexin50 gap junctions
were obtained. The structures and computer simulations of these gap junctions indicate that the
amino terminal domains of these connexins are in such a position likely to determine the channel
properties, especially at the 9th amino acid residue position. To better understand the functional
role of the amino terminal domain and at the 9th residue, we studied variants with switched amino
terminal domains or the 9th residues of these two lens connexins. We found that most of our
generated variants were functional and showed altered channel properties, such as rate of ion
permeation, open stability, and voltage control of opening/closing of these gap junction channels.
Our study combines structural simulation and functional study to reveal the mechanisms of how
the amino terminal domain determines channel properties in these lens gap junction channels.
These findings may also help us understand gap junctions of other connexins.
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Chapter 1
1. Introduction
1.1. Gap Junction Channels
Gap junction (GJ) channels mediate cell-to-cell communication by providing a direct passageway
for the transfer of ions, metabolites, and small molecules less than 1 kDa in size (Gong et al., 2013;
Goodenough et al., 1996; Mese et al., 2007). GJs exist ubiquitously in tissues throughout the body,
coordinating direct intercellular signalling and metabolic activity. For example, GJs facilitate the
rapid propagation of action potentials in excitable cells such as cardiomyocytes in the heart to
ensure synchronized rhythmic contractions (Bruzzone et al., 1993; Fishman et al., 1990). In
contrast, avascular organs such as the lens of the eye require GJs to facilitate the exchange of ions,
nutrients and waste products to maintain homeostasis (Bloemendal, 1977; Goodenough, 1992). GJ
channels expressed in different tissues have unique properties to satisfy the specific needs of the
tissue. Tissues achieve this by expressing different connexins, which are the subunits for GJ
channels. In humans, 21 different connexin isoforms exist (Söhl and Willecke 2004). Six
connexins oligomerize to form a connexon, which also known as hemichannel. Two hemichannels
from neighboring cells can dock and form a complete gap junction channel (Söhl and Willecke
2004). Because cells commonly express more than one type of connexin isoform, this can lead to
the formation of different types of hemichannels, such as homomeric (consisting of the same
connexins) or heteromeric (consisting of different connexins) (Figure 1-1B). Similarly, GJ
channels can be homotypic (e.g. two docked hemichannels are homomeric and identical) or
heterotypic (e.g. the docked hemichannels are different) (Rackauskas et al., 2007). Normally, GJ
channels cluster together to form aggregates known as GJ plaques at the interface of two cells;
however, morphological and freeze-fracture studies have shown individual GJ channels can also
be found at the cell-to-cell interface (Laird, 1996; Saez et al., 2003; Sohl, 2004).
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1.2. Connexin
Connexins have several isoforms that are part of the connexin family, and each is often denoted
by the species of origin and the predicted molecular weight in kilo daltons (e.g. mouse Cx50 or
mCx50 have a calculated molecular weight of 50 kDA) (Söhl and Willecke 2004). Twenty-one
connexin genes have been identified in the human genome, whereas twenty connexin genes have
been found in the mouse genome (Saez et al., 2003; Sohl, 2004; Willecke et al., 2002). These
connexins are further classified into five groups (e.g. α, β, γ, δ, ε) based on sequence homology
(Söhl and Willecke 2004). Even though different connexins exist, all connexins share similar
topological structures: a cytosolic amino terminus (NT) and carboxyl terminus (CT), four
transmembrane domains (M1-M4), two extracellular domains (E1 and E2), and one cytoplasmic
loop (CL; Figure 1-1A; Goodenough et al., 2009). Two sections of the connexin polypeptide are
highly conserved: NT-M1-E1-M2 domains and M3-E2-M4 domains (Söhl and Willecke 2004).
On the other hand, CT and CL domains are highly variable in the number of residues and the amino
residue composition.
Different connexin domains have specific functions associated with the GJ channel. Previous
studies have revealed the functional roles associated with several domains. For example, studies
done on Cx26 and Cx32 revealed that the NT domain likely lines the pore of the GJ channel, giving
it great influence over properties such as unitary channel conductance (γj) and transjunctional
voltage dependent deactivation (Vj-gating; Oh et al., 2004; Maeda et al., 2009; Verselis et al.,
1994). Studies done on mouse Cx50 revealed that changing the amino acid residues in the NT
domain resulted in alterations in Vj-gating and γj properties (Xin et al., 2010; Xin and Bai, 2013).
Meanwhile, both extracellular domains (E1 and E2) are involved in the docking and formation of
functional GJ channels (White et al., 1994). A study done by White et al., (1994) demonstrated
that switching the extracellular domains on mouse Cx43, Cx46, and Cx50 resulted in different
heterotypic docking compatibilities. Wild type Cx46 was able to form functional heterotypic GJ
channels with Cx43 or Cx50, but Cx43 and Cx50 were unable to form functional heterotypic GJ
channels. However, by switching the E2 of Cx50 with that of Cx46, the resulting chimera,
Cx5046E2, was able to form functional heterotypic GJs with Cx43, indicating that the E2 domain
is involved in hemichannel docking to form functional GJ channels. Upon taking a closer look at
how the E1 and E2 domains interact with each other on opposing hemichannels, the first high
2

resolution crystal structure of human Cx26 shows that connexins in opposing hemichannels dock
in a staggered conformation (Maeda et al., 2009). Each connexin interacts with two connexins in
the opposing hemichannel (Figure 1-1A). Lastly, the four transmembrane domains (M1-4) are also
highly conserved among the five connexin groups (Söhl and Willecke 2004). The transmembrane
domains are structural elements that play a key role in intra-subunit interactions (Jara et al., 2012).
In addition, studies done on Cx26 reveal that the first transmembrane (M1) domain is a key
determinant of Vj-gating and permeability (Maeda et al., 2009). In contrast, the CL and CT are not
highly conserved, which makes characterizing the functional aspects of these domains very
difficult. It is likely that the CT and CL play specific roles in different connexin isoforms.

Fig. 1-1. Types of gap junction channels and topological structure of a connexin (Modified figure
from Bai et al. 2018).
(A) GJ channels consist of two docked hemichannels (one from each cell of a cell pair). Each
hemichannel is composed of six connexins. The topological structure of a connexin consists of a
cytosolic amino terminus (NT), four alpha helical transmembrane domains (M1-M4), two
extracellular loops (E1 and E2), a cytoplasmic loop (CL), and a carboxyl terminus (CT). (B)
Hemichannels are classified based on their connexin composition, whereas GJ channels are
classified based on the composition of the two hemichannels.
3

1.3. Voltage Regulation of GJ Channels
Like most other types of membrane channels found on a cell, GJ channels are regulated by many
factors, such as pH, intracellular divalent cations, and transjunctional voltage (Vj; Spray et al.,
1981). Vj differences can exist between a cell pair if the membrane potentials of the two cells are
different. All characterized GJ channels displayed a sensitivity to Vj, which can deactivate the
channel in a process known as transjunctional voltage-dependent gating (Vj-gating) or Vjdependent deactivation (Bukauskas and Verselis, 2004; Gonzalez et al., 2007). This allows cells
to effectively regulate communication and transfer of ions and small molecules with its neighbors.
Through the use of dual whole cell patch clamp, electrophysiological properties such as Vj-gating,
unitary channel conductance (γj), and open dwell times of GJ channels can be studied. GJ-deficient
cell lines such as mouse neuroblastoma (N2A) cells or HeLa cells are often used as an in vitro
expression system. They would be transfected with a connexin of interest prior to
electrophysiological recording. When performing dual whole cell patch clamp, an artificial Vj is
established across the cell pair, and the resulting transjunctional current (Ij) passing through the
GJ channels is recorded (Spray et al., 1981; Bukauskas and Verselis, 2004). Cell pairs expressing
multiple GJ channels yield macroscopic current recordings, which are used to create a Gj,ss - Vj
plot (normalized steady-state-to-peak-state conductance ratio, Gj,ss, plotted against the
corresponding Vjs). Most GJs have a Gj,ss - Vj plot that can be fitted with a two-state Boltzmann
G

−G

max
min
equation: Gj,ss = 1 + exp
[𝐴(V −V
j

0 )]

+ Gmin , which provides the following Vj-gating parameters: V0

is the voltage when the conductance is reduced by half [(Gmax - Gmin)/2]; Gmin is the normalized
voltage-insensitive residual conductance; Gmax is the maximum normalized conductance; A is the
slope of the fitting curve that reflects Vj-gating sensitivity (Spray et al., 1981). Different GJs have
different Vj-gating properties and a unique set of Boltzmann parameters.
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1.4. Single GJ Channels
In vitro study on GJs formed in heterologous expression system such as in N2A cell pairs could in
some cases distinguish unitary gap junction channel currents, which can offer insights at properties
of individual GJ channels, such as single channel conductance (j), subconductance state (substate)
also known as residue conductance state (residue state), probability of opening, and open dwell
times. GJ channels composed of different connexins have unique js, which can range from 6-14
pS in Cx36 (Srinivas et al., 1999; Moreno et al., 2005; Teubner et al., 2000) to 300 pS in Cx37
(Veenstra et al., 1994). The molecular mechanisms that regulate j are not fully understood;
however, it has been shown that physical pore size and pore surface electrostatic potential are both
dictating factors of j. For example, a study done by Tong et al., 2014 demonstrated that changing
the pore surface charge in the NT domain resulted in different js. More specifically, increasing
the number of positively charged residues along the pore of mCx50 resulted in decreased single
channel conductance, while increasing the number of negatively charged residues along the pore
resulted in increased single channel conductance (Xin and Bai, 2013; Tejada et al., 2018).
Most characterized GJ channels showed multiple conductance states: a fully open state, one or
more sub-conducting (or residual) states, and a fully closed state (Bukauskas and Weingart, 1994;
Bukauskas and Verselis, 2004). GJ channels are sensitive to Vj and can be gated from fully open
state to a subconductance state and/or fully closed state. Single channel analysis done on Cx43
shows that GJ channels have two distinct Vj-gating mechanisms: fast Vj-gating and slow Vj-gating
(Bukauskas & Peracchia, 1997). These are defined by the transitions between different conducting
states over time (Bukauskas and Weingart, 1994; Bukauskas and Verselis, 2004). Fast Vj-gating
(typical gating transition time 1-3 ms) is when the GJ channel transitions between the main open
state and sub-conducting state. Conversely, slow Vj-gating (8 to 25 mS) is when the GJ channel
transitions between an open or sub-conducting state to a fully closed state (Bukauskas and
Weingart, 1994; Bukauskas & Peracchia, 1997; Bukauskas and Verselis, 2004). Of course, there
are multiple connexins and the GJ channels they create harbour unique channel properties. For
example, some channels display multiple subconductance states, such as rat Cx46 (Hopperstad et
al., 2000), Cx43 (Moreno et al., 2005; Bukauskas & Peracchia, 1997), and Cx37 (Veenstra et al.,
1994). On the other hand, some GFP tagged GJ channels such as Cx43 and Cx40 (Bukauskas et
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al., 2000; Sun et al., 2013) have no subconductance states and only transitions between fully open
and closed states.
Single channel open dwell time is another interesting property that is unique to different connexins.
GJ channels composed of different connexins have varying lengths of opening. For example, single
channel analysis into mCx50 shows unique open dwell time characteristics (Xin et al., 2012). Even
single point mutants in the NT domain can have profound impacts on open dwell times, such as
the case with mCx50-N9R (Xin et al., 2012). The point mutation reduced the open channel dwell
time of mCx50 from 85 mS to 36 mS at 60 mV (Xin et al., 2012). It was speculated that the stability
of the channel is partly responsible for this difference in open dwell times. If the GJ channel is
more stable in an open state, the open dwell times will be longer. In contrast, if the GJ channel has
a more stable closed state, the open dwell times will be shorter. The open-closed stability varies
between different GJ channels and is a key determinant of open dwell time characteristics. In
addition, open dwell times are also dependent on the Vj applied. It is important to establish that GJ
channels are sensitive to voltage and can gate in response to it (Bukauskas and Verselis, 2004).
Generally, higher Vjs result in the GJ channel closing and remaining closed. As a result, GJ
channels are more likely to be in a closed or residual state at higher Vjs. Furthermore, these single
channel properties are reflected in the macroscopic gating properties. Higher Vjs usually result in
more gating or deactivation of GJ channels. It is important to mention that the underlying
molecular mechanisms for regulating open dwell times and Vj-gating are not fully understood.

1.5. Ocular Lens
The ocular lens is a transparent avascular organ that plays a crucial role in focusing light onto the
retina (Hopperstad et al., 2000; Mathias et al., 2010; Paul et al., 1991). It is composed two cell
types: lens epithelial cells and lens fiber cells. Lens epithelial cells form a single layer at the
anterior surface of the lens, while lens fiber cells make up the bulk of the lens (Figure 1-2)
(Fansworth et al., 1976; Gong et al., 1998; Trokel, 1962). Equatorial epithelial cells located at the
outer edges of the lens differentiate to form new fiber cells, which move inwards to form the inner
mass of the lens as it grows. As the fiber cells mature, their organelles are degraded to prevent
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light scattering. Even though cell metabolism is low and anaerobic, they are nonetheless
metabolically active and therefore require nutrients to survive (Gong et al., 2007; Jiang, 2010;
Kuszak et al., 2004; Mathias et al., 2010; White et al., 2007). The surrounding fluids (the vitreous
body and aqueous humor) contain the nutrients needed for the cells to survive; however, the
nutrients cannot permeate directly to the center of the lens (Lo and Harding, 1986). To overcome
this problem, the avascular lens has its own microcirculatory system composed of GJ channels
(Gao et al., 2000). Three connexin isoforms exist in the lens: Cx43, Cx46, and Cx50 (White et al.,
1994). Cx43 is expressed only in lens epithelial cells, whereas Cx46 is expressed only in lens fiber
cells (Figure 1-2). Cx50 is expressed in both cell types; however, it is first synthesized in the
epithelium before it differentiates into fiber cells (Webb and Donaldson 2008). The unique
distribution of these connexin isoforms allow for the formation of homomeric homotypic,
homomeric heterotypic, and heteromeric heterotypic GJs within or between the two cell types
(White et al., 1994; Musil et al., 1990). For example, GJs between the lens fiber cells and lens
epithelial cells can be either homomeric homotypic Cx50 GJs or heteromeric heterotypic GJs
(Mathias et al., 2010). Past studies on rodent lens GJ channels revealed that homomeric homotypic
Cx43, Cx46, and Cx50 GJs can form functional channels; however, not all homomeric heterotypic
GJs were able to form functional channels (White et al., 1994).
Knockout (KO) studies in mice have demonstrated that the removal of either Cx46, or Cx50 gene
resulted in cataract formation, indicated by an opaque lens (Baldo et al., 2001; Gong et al., 1998;
White et al., 1998); however, the KO of Cx43 resulted in lens characteristics indicative of early
stages of cataract formation (Gao and Spray, 1998). Usually, Cx43 KO studies are lethal at birth
due to its important role in the heart (Reaume et al., 1995); however, Gao and Spray (1998) were
able to study the lenses of Cx43 KO pups at birth. When Cx43 was knocked out in newborn mice,
extremely dilated extracellular spaces and intracellular vacuoles appeared, indicating early stages
of cataract formation; however, the differentiation of lens fiber cells and the distribution of Cx50
and Cx46 was not affected (Gao and Spray, 1998). KO studies done on Cx46 gene found that mice
developed nuclear cataracts associated with the proteolysis of crystallins; however, early lens
development and lens fiber differentiation was not affected (Baldo et al., 2001; Gong et al., 1998).
Cx50 KO studies resulted in microphthalmia and zonular pulverulent cataracts (White et al., 1998).
Furthermore, the distribution of Cx46 and Cx43 did not change to compensate for the deletion of
Cx50, indicating that Cx50 is required for maintaining lens transparency and growth of the eye.
7

Overall, these KO studies highlight the non-redundant function of each connexin in the lens. All
three connexins are simultaneously required to maintain lens homeostasis. The KO of any one of
them will result in direct cataract formation or promoting to early stages of forming cataracts.

Fig. 1-2. Structure of lens and distribution of connexins (Modified figure from Mathias et al.
2010).
Lens epithelium expresses Cx43 and Cx50, whereas the differentiating fibers and mature fibers
express Cx46 and Cx50.
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1.6. Rationale and Hypothesis
Two connexins are expressed in lens fiber cells: Cx46 and Cx50. Single particle cryogenic electron
microscope (CryoEM) technique was used to resolve the structures of native sheep Cx46 and Cx50
GJs (sCx46 and sCx50) at a resolution of around 3.4 Å (Myers et al., 2018). Gap junction channel
properties such as Vj-gating, single channel conductance, and open dwell times of Cx46 and Cx50
have been studied on rodent connexins with very limited studies on human or other mammalians.
High resolution sheep Cx46 and Cx50 (sCx46 and sCx50) not only provided an excellent highresolution structure model, but also provides a template to further develop molecular dynamics
(MD) studies to investigate ion permeation barriers for these GJ channels. Meyer and colleagues
in Dr. Steve Reichow’s laboratory revealed energetic barrier differences to K+ permeation in sCx46
and sCx50 GJs. The major energetic barrier differences are located in the NT domains, especially
at the 9th position. To better align functional studies with the CryoEM structure models and MD
simulation results, we studied the functional properties of GJs formed by sCx46, sCx50, NT
domain swapped chimeras (sCx46-50NT and sCx50-46NT), and point variants at the 9th residue
(sCx46-R9N and sCx50-N9R) in GJ-deficient model cells. We hypothesize that the Vj-gating and
single channel properties of sCx46 and sCx50 are influenced by their NT domain, especially the
9th residue.
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1.7. Objectives
i.

To analyse the differences of energetic barrier to K+ permeation in sCx46, sCx50, and
their variants GJs with molecular dynamic simulations on these GJ models.

ii.

To study the GJ functional status of the amino terminal (NT) domain swapped chimeras
(sCx46-50NT and sCx50-46NT), and point variants at the 9th residue (sCx46-R9N and
sCx50-N9R).

iii.

To characterize Vj-gating properties of GJs formed by these designed lens connexin
variants.

iv.

To determine single channel conductance (γj) of GJs formed by these designed lens
connexin variants.

v.

To analyze single channel open dwell times for GJs formed by these designed lens
connexin variants.
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Chapter 2
2. Manuscript
2.1. Abstract
The connexins form intercellular communication channels, known as gap junctions (GJs), found
throughout vertebrate species (21 isoforms in human). GJs formed by different connexins harbor
unique channel properties that have not been fully defined. High-resolution structures of native
Cx46 and Cx50 GJs from sheep (sCx46 and sCx50) were recently resolved by single particle
cryogenic electron microscope (CryoEM). The CryoEM based structures of sCx46 and sCx50 were
proposed to adopt a more stable open-state conformation. Molecular dynamics (MD) studies on
sCx46/sCx50 structures identified the amino terminal (NT) domains especially the position 9 as
key determinants in the differences of energetic barrier to K+ permeation in sCx46 and sCx50 GJs.
To better align functional studies with the CryoEM structure models, we studied functional
properties of GJs formed by sCx46, sCx50, NT domain swapped chimeras (sCx46-50NT and
sCx50-46NT), and point variants at the 9th residue (sCx46-R9N and sCx50-N9R) in GJ-deficient
N2A cells. All of them formed functional GJs except sCx46-50NT. Vj‑gating of sCx50-46NT and
sCx50-N9R was impaired, while sCx46-R9N showed a similar Vj‑gating as that of sCx46. Single
channel conductance (γj) of sCx46-R9N was increased from sCx46 and the γjs of sCx50-46NT and
sCx50-N9R was decreased from sCx50 as predicted, but with a surprisingly higher degree. The
open dwell time of sCx46 GJ was longer than that of sCx50. The open dwell time of sCx50-46NT
was much longer than that of sCx46, while sCx46-R9N and sCx50-N9R showed a decreased open
dwell time than their respective wildtype GJs. Our experimental data, MD-simulations, and
electrostatic calculations indicate that the NT domain of sCx46 and sCx50 play an important role
in open stability and single channel conductance.
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2.2. Introduction
Gap junctions (GJ) provide a direct passageway between neighboring cells and facilitates the
exchange of ions and small molecules (Saez et al., 2003; Goodenough & Paul, 2009). GJ channels
are formed through the assembly of twelve integral membrane proteins called connexins. Six
connexins oligomerize to form a hemichannel (also known as connexon) and two hemichannels
from neighboring cells can dock together to form a functional gap junction channel if they are
docking compatible (White et al., 1994; Bai et al., 2018). All connexins are predicted to have the
same topological structure, which includes four transmembrane domains (M1-4), two extracellular
loops (E1 and E2), an amino terminus (NT), a carboxyl terminus (CT), and a cytoplasmic loop
(CL; Sohl & Willecke, 2004). Connexins are ubiquitously expressed throughout the body with
each connexin displaying tissue specific distribution (Saez et al., 2003; Goodenough & Paul,
2009). Cells in different tissues often express more than one type of connexins forming GJs to
synchronize physiological activities or to maintain homeostasis.
The lens in human and other animals is an avascular organ to transmit and focus light onto retina
(Mathias et al., 2007). The transport of ions, nutrients, and metabolites among different cells in
the lens are heavily dependent on gap junctional intercellular communication (Mathias et al., 2007;
Mathias et al., 2010). The lens GJs are formed by three connexins, Cx43, Cx46, and Cx50, each
with regional specific distribution. In the epithelial cells at the outer layer of the lens Cx43 and
Cx50 are expressed, while the lens fiber cells making up the bulk of the lens express Cx46 and
Cx50 (Mathias et al., 2010). Homomeric and heteromeric hemichannels as well as homotypic and
heterotypic GJs are predicted to form and indeed several types of GJs tested in vitro were found to
be functional (Beyer et al., 1987; Paul et al., 1991; White et al., 1992; White et al., 1994).
Knockout of either Cx46 or Cx50 gene in mouse models results in abnormal lens development and
cataract formation (Gong et al., 1997; White et al., 1998; Rong et al., 2002), indicating that these
two connexins are non-redundant and are important in lens development and transparency. In
addition, more than two dozen variants in either human Cx46 or Cx50 gene have been identified
in familial or sporadic cases of cataracts (Beyer et al., 2013; Srinivas et al., 2018) and functional
studies on many of these variants showed impaired GJ function (Pal et al., 1999; Pal et al., 2000;
Tong et al., 2013; Rubinos et al., 2014; Schadzek et al., 2016), demonstrating an essential role of
both Cx46 and Cx50 GJ function in keeping lens transparency.
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Gap junctions formed by different connexins display different channel properties, including
distinct permeability, various rates of ion permeation, and gating control by a variety of factors,
including intracellular protons, divalent cations, and transjunctional voltage (Vj; Bukauskas &
Verselis, 2004; Bargiello & Brink, 2009). Transjunctional voltage dependent gating (also known
as Vj-gating) exist in all characterized GJs and depending on the component connexins the
resultant GJs could show various levels of gating extent, half deactivation voltage, gating charge
(which determines gating sensitivity), and gating kinetics (Harris et al., 1981; Paul et al., 1991;
Veenstra et al., 1994; Verselis et al., 1994; White et al., 1994; Trexler et al., 1996; Oh et al., 1999;
Musa et al., 2004). Some of these macroscopic Vj-gating properties could be visualized at single
GJ channel level providing insights on gating properties. Different connexin GJs also showed
drastically different rate of ion permeation measured by single channel conductance from a few
pico-Simons (pS) of Cx30.2 and Cx36 to 200 - 300 pS of Cx50 and Cx37 (Veenstra et al., 1994;
Srinivas et al., 1999; Moreno et al., 2005; Bukauskas et al., 2006). In additional to several domains,
the NT domain and residues within this domain of Cx26, Cx32, Cx40, Cx45, Cx46, and Cx50 have
been shown to be important for both Vj-gating and unitary channel conductance (Verselis et al.,
1994; Purnick et al., 2000; Tong et al., 2004; Tong & Ebihara, 2006; Xin et al., 2010; Xin et al.,
2012a). The underlying molecular and structural mechanisms for controlling GJ channel gating
and ion permeation are not fully evaluated.
Using single particle cryogenic electron microscopy (Cryo-EM) technique, the first native sheep
Cx46 (sCx46) and Cx50 (sCx50) GJ channel structure was resolved at a near atomic resolution
(3.4 to 3.5 A; Myers et al., 2018). The NT domains of sCx46 and sCx50 folded into the cytoplasmic
vestibule to form the narrowest part of the channel, a position could play a role in multiple
functions, including selectivity filter, sensing transjunctional voltage, and gating. Molecular
dynamic (MD) studies on the sCx46 and sCx50 GJ models revealed that the NT domains took a
more stable open conformation comparing to that of Cx26 structure (Maeda et al., 2009) and are
likely the primary energy barriers for ion permeation (Myers et al., 2018). Specifically, both sCx46
and sCx50 GJs displayed much higher energy barriers for anion than cation permeation (Myers et
al., 2018), a property that has been demonstrated experimentally for rodent Cx50 and Cx46 GJs
(Trexler et al., 1996; Srinivas et al., 1999; Sakai et al., 2003; Tong et al., 2014). MD simulations
and potential of mean force calculations revealed a large free energy barrier for K+ permeation of
sCx46 NT domain centered around the 9th position of sCx46 where a positively charged bulky
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arginine (R9) residue exists. A much lower free energy barrier for K+ was found at the NT domain
of sCx50 GJ likely due to the 9th position of sCx50 is a smaller non-charged polar residue
asparagine (N9; Myers et al., 2018). To better align functional studies with the structure models,
we employed dual patch clamp technique to characterize GJ channel properties of sCx46, sCx50,
NT domain swapped chimeras (sCx46-50NT and sCx50-46NT), and single point variants at the
9th residue (sCx46-R9N and sCx50-N9R) in GJ-deficient N2A cells. We hypothesize that the Vjgating and single channel conductance (γj) of sCx46 and sCx50 are controlled in part by their NT
domain, especially the 9th residue. Our results indicate that the NT domain or the 9th residue of
sCx46 and sCx50 are important for GJ channel formation, open stability and single channel
conductance.
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2.3. Materials and Methods
2.3.1. Plasmid Construction
Sheep Cx46 (sCx46, also known as Cx44) and Cx50 (sCx50, also known as Cx49) cDNA were
synthesized and each of them was inserted into an expression vector, pIRES2-EGFP, with an
untagged GFP reporter between the restriction enzyme sites, XhoI and EcoRI (NorClone Biotech
Laboratories, London, Ontario). sCx46-IRES-GFP was used as a template for polymerase chain
reaction cloning to generate the chimera, sCx46-50NT, in which the amino terminal (NT) domain
of sCx46 was replaced by sCx50 NT domain and a missense variant sCx46-R9N. Similarly,
sCx50-IRES-GFP was used as a template to generate sCx50-46NT and sCx50-N9R. The primers
used to generate these chimeras and point variants are listed below:
sCx46-50NT: forward 5’ ATG GGC GAC TGG AGC TTC CTG GGG AAC ATC TTG GAG
GAG GTG AAT GAG CAC TCC ACT GTC ATC 3’ and reverse 5’ GAT GAC AGT GGA GTG
CTC ATT CAC CTC CTC CAA GAT GTT CCC CAG GAA GCT CCA GTC GCC CAT 3’
sCx50-46NT: forward 5’ ATG GGA GAC TGG AGT TTC CTG GGG AGA CTC CTA GAG
AAC GCC CAG GAG CAC TCC ACG GTC ATC 3’ and reverse 5’ GAT GAC CGT GGA GTG
CTC CTG GGC GTT CTC TAG GAG TCT CCC CAG GAA ACT CCA GTC TCC CAT 3’
sCx46-R9N: forward 5’ GAC TGG AGC TTC CTG GGG AAC CTC CTA GAG AAC GCC CAG
3’ and reverse 5’ CTG GGC GTT CTC TAG GAG GTT CCC CAG GAA GCT CCA GTC 3’
sCx50-N9R: forward 5’ GAC TGG AGC TTC CTG GGG AAC CTC CTA GAG AAC GCC CAG
3’ and reverse: 5’ CTG GGC GTT CTC TAG GAG GTT CCC CAG GAA GCT CCA GTC 3’
GFP fusion tagged sCx46 (sCx46-GFP), the chimera (sCx46-50NT-GFP), and point variant
(sCx46-R9N-GFP) were generated by subcloning these construct into EGFP expression vector
(Kim et al., 2013). Mutagenesis was used to remove the stop codon from each of these vectors and
ensure that the GFP was linked in frame with a peptide linker (LGILQSTVPRARDPPVAT)
between sCx46 (or sCx46-50NT) and GFP.
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2.3.2. Cell culture and transient transfections
Gap junction (GJ) deficient mouse neuroblastoma (N2A) cells (American Type Culture Collection,
Manassas, VA, USA) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life
Technologies Corporation, Grand Island, NY, USA) containing 4.5 g/L D-(+)-glucose, 584 mg/L
L-glutamine, 110 mg/L sodium pyruvate, 10% fetal bovine serum (FBS), 1% penicillin, and 1%
streptomycin, in an incubator with 5% CO2 at 37ºC (Sun et al., 2013). N2A cells were transfected
with 1.0 μg of a cDNA construct and 2 μL of X-tremeGENE HP DNA transfection reagent (Roche
Diagnostics GmbH, Indianapolis, IN, USA) in Opti-MEM + GlutaMAX medium for 4 hours. After
transfection, the medium was changed back to FBS-containing DMEM and incubated overnight.
The next day, N2A cells transfected with sCx46 and its variants were replated onto glass coverslips
for 2 hours before transferring to the recording chamber. N2A cells transfected with sCx50 and its
variants were replated onto glass coverslips for 10 hours before transferring to the recording
chamber. Isolated green fluorescent cell pairs were selected for patch clamp study of homotypic
GJs.

2.3.3. Electrophysiological recording
Glass coverslips with transfected cells were placed into a recording chamber on an upright
microscope (BX51WI, Olympus). The chamber was filled with extracellular solution (ECS) at
room temperature (22 - 24oC). The ECS contained (in mM): 135 NaCl, 2 CsCl, 2 CaCl2, 1 MgCl2,
1 BaCl2, 10 HEPES, 5 KCl, 5 D-(+)-glucose, 2 Sodium pyruvate, pH adjusted to 7.4 with 1 M
NaOH, and osmolarity of 310-320 mOsm. Dual whole cell patch clamp was performed on green
fluorescent cell pairs with MultiClamp 700A amplifier (Molecular Devices, Sunnyvale, CA,
USA). Patch pipettes were pulled with a micropipette puller (PC-10, Narishige International USA
Inc., Amityville, NY, USA) and filled with intracellular solution (ICS) containing (in mM): 130
CsCl, 10 EGTA, 0.5 CaCl2, 5 Na2ATP, 10 HEPES, adjusted to pH 7.2 with 1 M CsOH, and
osmolarity of 290-300 mOsm. After establishing whole cell recording on the cell pair, both cells
were voltage clamped at 0 mV. In one cell of the pair, a series of voltage pulses (±20 to ±100 mV)
were applied to establish transjunctional voltage (Vj). The other cell of the pair was constantly held
at 0 mV to record gap junctional current (Ij). The current was low-pass filtered (Bessel filter at 1
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kHz) and recorded using pClamp9.2 software at a sampling rate of 10 kHz via an AD/DA converter
(Digidata 1322A, Molecular Devices, Sunnyvale, CA, USA).

2.3.4. Transjunctional voltage dependent gating
Transjunctional voltage (Vj) dependent gating (Vj-gating) was studied in cell pairs expressing one
of the constructs. Seven second voltage pulses (±20 to ±100 mV with 20 mV increment) were
delivered in one cell of the pair to establish Vjs, and transjunctional currents (Ijs) were recorded in
the other cell. In most cases, Ijs peaked at the beginning and then deactivated (especially with high
Vjs, ±40 to ±100 mV) to a steady-state near the end of a 7 second Vj pulse. Gap junctional
conductance (Gj) was calculated (Gj = Ij/Vj). The steady state Gj was normalized to the peak Gj to
obtain a normalized steady-state junctional conductance (Gj,ss) for each tested Vjs. The Gj,ss were
then plotted with Vjs to obtain a Gj,ss – Vj plot, which could sometimes fit well with a two-state
Boltzmann equation for each Vj polarity to obtain gating parameters, V0, Gmin, Gmax, and A (Jassim
et al., 2016). V0 is the voltage when the Gj,ss is reduced by half [(Gmax - Gmin)/2], Gmin is the
normalized minimum residual conductance, while Gmax represents the maximum normalized
conductance, and A is the slope of the curve which reflects Vj-gating sensitivity (Spray et al.,
1981).
G

−G
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Gj,ss = 1 + exp
[𝐴(V −V
j

0 )]

+ Gmin

2.3.5. Single Channel Analysis
Single channel current (ij) could be observed in cell pairs with few active GJ channels. The
recorded currents were further filtered using a low-pass Gaussian filter at 200 Hz in Clampfit9.2
for measuring current amplitude and display in figures. The amplitude ijs for fully open state at
different Vjs were measured with fitting Gaussian functions on all point current amplitude all point
histograms. The ijs of different cell pairs were averaged under the same Vj, regardless of Vj
polarity, to generate ij – Vj plot. Linear regression of ij – Vj plot with at least 4 different Vjs was
used to estimate slope unitary GJ channel conductance (also known as single channel conductance,
γj).
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Single GJ channel open dwell times were analyzed on cell pairs with only one active GJ channel.
In this case, single channel currents were filtered with a low-pass Gaussian filter at 500 Hz
(Clampfit9.2). The open dwell time was measured at the Vjs from ±40 to ±100 mV using
Clampfit9.2. Any single channel open events with less than 2 ms were excluded from the analysis
as this is beyond the resolution of our single channel recordings. The average open dwell time at
each Vj was calculated and plotted for comparison. The total number of open events for sCx50 and
sCx50-N9R GJs was a lot higher than other GJs and suitable for more in depth analysis on the
open dwell times. Histograms of sCx50 and sCx50-N9R were plotted in a logarithmic scale with
5 bins/decade and fitted with a two-exponential probability fitting. The two time constant ()
values represent the corresponding open dwell times for each of the peaks in the fitting. The mean
value was calculated by taking the weighted average of the two  values using the area under each
peak.

2.3.6. Molecular dynamic simulations
All-atom MD simulation was performed on the structure models of sCx46 and sCx50, single
missense variants, and the NT domain switched chimeras. The free energy landscape described by
potential-mean-force (PMF) for ion permeation was assessed by Markov-State Modeling as
described earlier (Myers et al., 2018).

2.3.7. Statistical analysis
Data are expressed as mean ± SEM. Kruskal Wallis followed by a Dunn’s post-hoc test was used
to compare multiple groups of non-parametric data, as specified. One-way ANOVA was used to
compare multiple groups of data with Gaussian distribution. Statistical significance is indicated
with the asterisks on the graphs only for biologically meaningful group comparisons (*P < 0.05;
**P < 0.01; or ***P < 0.001).
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2.4. Results
2.4.1. Design of variants to probe channel properties of sCx46 and sCx50
High-resolution structures of native Cx46 and Cx50 GJs from sheep (sCx46 and sCx50) were
recently resolved by single particle CryoEM (Myers et al., 2018). The CryoEM based structures
of sCx46 and sCx50 showed that the NT domain folded into the GJ pore and lining the beginning
of the pore (Fig. 2-1). All-atom molecular dynamic simulation was used to calculate the potentialof-mean-force (PMF) of K+ and Cl- permeation for sCx46 and sCx50 GJs. The energy barriers of
both sCx46 and sCx50 GJ channels for Cl- permeation were similar to one another and were about
twice of those for K+ permeation. Interestingly, higher energy barriers for K+ were observed for
sCx46 GJ than those of sCx50 GJ at the NT domain (ΔΔG = 0.7, Fig. 2-1), specifically at the 9th
position likely due to the positively charged arginine9 (R9) for sCx46. To specifically assess the
roles of the entire NT domains or the 9th residues of these two connexins on K+ permeation, we
generated homology GJ models for sCx46-50NT, sCx46-R9N, sCx50-46NT, and sCx50-N9R and
did PMF analysis. The MD simulations revealed that either replacing the entire NT domain of
sCx46 with that of sCx50 (sCx46-50NT) or the 9th residue (sCx46-R9N) substantially
reduced/eliminated the ΔΔG between sCx46 and sCx50 by reducing the peak barrier near the 9 th
position (Fig. 2-1). Conversely, replacing the entire NT domain of sCx50 with that of sCx46
(sCx50-46NT) or the 9th residue (sCx50-N9R) also reduced/eliminated the ΔΔG between sCx46
and sCx50, this time by increasing the peak barrier to a similar level of sCx46 (Fig. 2-1). These
modeling predictions are interesting and promoted us to test these chimeras and single point
variants in our experimental system. To better align functional studies with the CryoEM structure
models, we generated sCx46, sCx50 NT domain swapped chimeras (sCx46-50NT and sCx5046NT), and point variants at the 9th residue (sCx46-R9N and sCx50-N9R) and expressed each of
them in GJ-deficient N2A cells for functional characterization.
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2.4.2. Sheep Cx46, Cx50, and variants formed functional homotypic gap junction channels, except
sheep Cx46-50NT.
N2A cells were transfected with expression vectors containing one of our designed constructs and
an untagged GFP (e.g. sCx46-IRES-GFP, sCx46-R9N-IRES-GFP, sCx46-50NT-IRES-GFP,
sCx50-IRES-GFP, sCx50-N9R-IRES-GFP, or sCx50-46NT-IRES-GFP) (Fig. 2-1). Cell pairs with
positive expression of GFP were voltage clamped using dual whole cell patch clamp technique.
Approximately half of the cell pairs expressing sCx46 or sCx50 showed junctional currents (Ijs)
in response to a Vj pulse (Fig. 2-2A, B), indicating successful formation of GJs. Cell pairs
expressing the chimera, sCx50-46NT or one of the point variants (sCx46-R9N and sCx50-N9R)
were also frequently coupled with similar coupling percentages as those of wildtype lens connexins
(Fig. 2-2A, B). However, none of the cell pairs expressing sCx46-50NT showed any Ijs in 6
independent experiments (Fig. 2-2A, B). The average coupling conductance (Gj) for each
expressed construct was calculated from the GJ coupled cell pairs and no significant differences
were observed among different constructs with the exception of sCx46-50NT (Fig. 2-2C).
To test if the failure of sCx46-50NT to form functional GJs was due to impairment in the
localization of this chimera, we use GFP fusion tagged at the carboxyl terminus of sCx46-50NT.
As shown in Fig. 2-3, sCx46-50NT-GFP was localized in intracellular compartments and
displayed GJ plaque-like clusters at the cell-cell interfaces similar to that of sCx46-GFP,
suggesting that the failure to form GJs is unlikely due to the abnormal localization of this chimera.
sCx46-R9N-GFP showed a similar percentage of forming GJ plaques as that of sCx46-GFP (Fig.
2-3).

26

Fig. 2-1. Structural models and potential-of-mean-force of sCx46, sCx50 and the designed
variants.
Four subunits (two on each side in cartoon view) are shown for sCx46 (green) and sCx50
(magenta). Potential-of-mean-force (PMF) of sCx46 and sCx50 to K+ and Cl- permeation are
plotted for comparison (data are the same as reported earlier) (Myers et al., 2018). Structure models
on the top two subunits are used to illustrate the designed chimeras, sCx46-50NT and sCx5046NT, as well as single point variants, sCx46-R9N and sCx50-N9R, (the 9th residue is highlighted
in sphere view). PMF plots of each of these designed variants are illustrated to compare directly
with the PMFs of the corresponding wildtype sCx46 or sCx50 GJs. Dotted lines indicate that the
peak energy barriers for K+ permeation are near the 9th residue.
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Fig. 2-2. Coupling percentage and conductance of homotypic wildtype and mutant sheep lens GJ
channels.
(A) Dual whole-cell patch clamp technique was used to measure junctional current (Ij) in N2A cell
pairs expressing sCx46-IRES-GFP, sCx46-R9N-IRES-GFP, sCx46-50NT-IRES-GFP, sCx50IRES-GFP, sCx50-N9R-IRES-GFP, or sCx50-46NT-IRES-GFP in response to a -20 mV Vj pulse
as indicated. (B) Bar graph summarizes the average coupling percentages of cell pairs expressing
homotypic wildtype and mutant sheep lens GJ channels. One-way ANOVA followed by NewmanKeuls post-hoc test was used compare each of the variants with their respective controls. sCx4650NT showed no coupling which was significantly different from that of wildtype sCx46 (** P <
0.01). The number of transfections is indicated. (C) Bar graph illustrates the average coupling
conductance (Gj) of coupled cell pairs expressing homotypic wildtype and mutant sheep lens GJ
channels. Kruskal-Wallis followed by Dunn’s post hoc test was used to compare each of the
variants with their respective controls. The total number of cell pairs is indicated.
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Fig. 2-3. Localization of sCx46-50NT.
Fusion tagged GFP at the carboxyl terminus of sCx46-50NT and sCx46-R9N were expressed in
connexin deficient HeLa cells. Clusters of GFP fluorescent signals could be identified at the cellcell interfaces expressing sCx46-50NT-GFP or sCx46-R9N forming GJ plaque-like structures
(arrows) similar to that of sCx46-GFP (upper panels). GFP fluorescent signals are superimposed
onto DIC images to show the localization of these fluorescent signals (panels on the right). Scale
bars = 10 µm. Bar graph on the percentage of cells expressing each of the constructs display GJ
plaque-like structures at the cell-cell interfaces. Note that the sCx46-50NT showed a significantly
higher percentage to observe GJ plaque-like structures (**P < 0.01).
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2.4.3. Vj-gating properties of homotypic sheep lens GJs
To investigate the transjunctional voltage dependent gating (Vj-gating) of cell pairs forming
homotypic sCx46 or sCx50 GJs, the Ijs were measured in response to a series of Vj pulses from
±20 to ±100 mV (Fig. 2-4). The Ijs of sCx46 and sCx50 GJs both showed symmetrical Vjdependent deactivation with similar Vj-gating properties (Fig. 2-4A). For both GJs, Ijs in response
to Vjs in the range of ±40 to ±100 mV, showed strong deactivation (Fig. 2-4A). When Vj absolute
value was ≤ 20 mV, Ijs showed no deactivation (Fig. 2-4A). The normalized steady state
conductance (Gj,ss) was plotted as a function of Vj (Error! Reference source not found.2-4B),
which could be well fitted by a Boltzmann equation for each Vj polarity for either sCx46 or sCx50
GJs (Error! Reference source not found.2-4B). None of the Boltzmann fitting parameters of
sCx46 were significantly different from those corresponding parameters of sCx50 (Table 1).
Vj-gating of sCx46-50NT, sCx46-50R9N, sCx50-46NT, sCx50-N9R (Fig. 2-5) GJs were also
studied using the same Vj protocol. As shown in the Fig. 2-5A, sCx46-50NT was unable to form
functional GJs, while sCx46-R9N, sCx50-46NT, and sCx50-N9R were all successfully formed
functional GJs. Among these functional GJs, sCx46-R9N showed strong symmetrical deactivation
when Vjs were in the range of ±40 to ±100 mV (Fig. 2-5A). The Gj,ss – Vj plot for sCx46-R9N
could be well fitted with the Boltzmann equation for each Vj polarity (Fig. 2-5B). The Boltzmann
fitting parameters of sCx46-R9N showed no significant difference from those of wildtype sCx46
GJ as shown in the superimposed plot (Fig. 2-5B) and Table 1. The Ijs of sCx50-46NT GJs showed
very weak deactivation in the tested Vjs (Fig. 2-5A), and the Gj,ss – Vj plot of sCx50-46NT could
not be fitted with a Boltzmann equation (Fig. 2-5B). Similarly, Ijs of sCx50-N9R GJ also showed
no consistent deactivation in the tested Vjs (Fig. 2-5A), and the Gj,ss – Vj plot of sCx50-N9R also
could not be fitted with a Boltzmann equation (Fig. 2-5B). In addition, the Ijs of sCx50-N9R
showed a lot of fluctuations throughout the Vj pulse (Fig. 2-5A) resulting in large variations in the
Gj,ss (Fig. 5B).
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Fig. 2-4. Vj-gating of homotypic sCx46 and sCx50 GJs.
(A) Superimposed junctional currents (Ijs) were recorded from cell pairs expressing homotypic
sCx46 or sCx50 GJs in response to a series of Vj pulses (shown on the top, ±20 to ±100 mV with
20 mV increment). (B) Normalized steady state junctional conductance, Gj,ss, of sCx46 (open
circles) and sCx50 (filled circles) were plotted as a function of Vjs. Boltzmann equations were
used to fit Gj,ss – Vj plots for sCx46 (smooth dashed grey lines) and sCx50 (smooth solid grey
lines) GJs. The number of cell pairs for each construct is indicated.
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Fig. 2-5. Vj-gating of homotypic sCx46 and sCx50 GJs.
(A) Superimposed junctional currents (Ijs) were recorded from cell pairs expressing homotypic
sCx46 or sCx50 GJs in response to a series of Vj pulses as shown on top of Fig. 3A. (B) Normalized
steady state junctional conductance, Gj,ss, of sCx46-R9N (open triangles), sCx50-46NT (filled
squares), and sCx50-N9R (filled triangles) were plotted as a function of Vjs. Only the Gj,ss – Vj
plot of sCx46-R9N GJ was fitted well with Boltzmann equations (smooth dashed black lines). For
comparison, the Boltzmann fitting curves of wildtype sCx46 (smooth dashed grey lines) or sCx50
GJ (smooth solid grey lines) were superimposed on the respective plot.
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2.4.4. Unitary channel properties of homotypic sheep lens GJs
In Fig. 2-6A, homotypic sCx46 and sCx50 single channel current (ij) traces are shown at the Vjs
indicated. All point histograms and Gaussian fits were used to measure the amplitudes of i js for
the main open state at the tested Vjs (Fig. 2-6B). The averaged ijs were plotted at different Vjs and
a linear regression ij – Vj plot for sCx46 or sCx50 GJs was used to estimate the slope unitary
channel conductance (γj; Fig. 2-6C). The γj of sCx46 GJ is 170 ± 3 pS, whereas the γj of sCx50 GJ
is 208 ± 3 pS.
Fig. 2-7A shows ijs of homotypic sCx46-R9N, sCx50-N9R, and sCx50-46NT GJs at the indicated
Vjs. The averaged ijs for the main open state for each tested Vj of these variants were plotted to
create an ij – Vj plot. Linear regression of ij – Vj plot for each variant was used to estimate slope γj
(Fig. 2-7B). sCx46-R9N GJs showed a significant increase in slope γj (261 ± 6 pS) from that of
wildtype sCx46 GJ (Fig. 2-7B). Conversely, sCx50-N9R GJs displayed a significantly decreased
slope γj (122 ± 3 pS) than that of wildtype Cx50 GJ (Fig. 2-7B). Replacing the NT domain of
sCx50 with that of sCx46, sCx50-46NT, resulted in a more pronounced drop in slope γj (116 ± 5
pS). The slope single channel conductances of all tested variants were plotted as a bar graph for
easier direct comparison (Fig. 2-7C).
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Fig. 2-6. Unitary channel properties of homotypic sCx46 and sCx50 GJs.
(A) Single channel currents (ijs) were recorded from a cell pair expressing sCx46 (top set) or sCx50
(bottom set) at the indicated Vjs. Positive Vj (+Vj) or negative Vj (-Vj) induced ijs are shown in
grey or black, respectively. Both GJs showed fully open state at the beginning of Vj pulses and
transitions to either subconductance (open arrows) or fully closed state (solid arrows) could be
observed during these Vj pulses. Note that more than one subconductance states could be identified
at ±80 mV Vjs. (B) All point histogram and Gaussian fits were used to estimate the ij amplitude at
the main open state. A selected section as shown in panel A was used to generate all point
histogram. Main conductance state and in some cases a subconductance state could be identified
at different Vjs. (C) The ij amplitudes of the main open state were plotted at each tested Vj. The
slope of the linear regression lines in the ij – Vj plot represent the slope unitary channel conductance
(γj). For sCx46 GJ, the slope γj = 170 ± 3 pS (n = 5) and for sCx50, the slope γj = 208 ± 3 pS (n =
7).
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Fig. 2-7. Unitary channel properties of homotypic sCx46-R9N, sCx50-N9R, and sCx50-46NT
GJs.
(A) Single channel currents (ijs) were recorded from cell pairs expressing sCx46-R9N, sCx50N9R, or sCx50-46NT at the indicated Vjs. The ijs of sCx46-R9N showed main open state at the
beginning of the Vj pulses and transitioned into subconductance state (open arrows) or fully closed
state (solid arrow). The ijs of sCx50-46NT preferentially reside at fully open state at most tested
Vjs (-40 to -80 mV) and transition to fully closed state (solid arrow) or to a subconductance state
could be observed at -100 mV Vj. The ijs of sCx50-N9R showed multiple open events with
frequent transitions to fully closed state (solid arrows). (B) The amplitude of ijs for the main open
state at each tested Vj was plotted against Vj. Linear regression of data on the ij – Vj plot for each
of these GJs was used to obtain slope unitary channel conductance (γj). The solid and dashed grey
lines represent the slope γjs of sCx50 and sCx46 respectively. The slope γj of sCx46-R9N is 261 ±
6 pS (n = 3), sCx50-N9R γj is 122 ± 3 pS (n = 5), and sCx50-46NT γj is 116 ± 5 pS (n = 5). (C)
Bar graph to summarize the slope γjs of all tested variants. The γj of sCx46-R9N was significantly
higher than that of sCx46 and the γjs of sCx50-46NT and sCx50-N9R were significantly lower
than that of sCx50 (one-way ANOVA followed by Tukey’s post hoc test for biological meaningful
groups).
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2.4.5. Single channel open dwell times of homotypic sheep lens GJs
A close inspection of the ijs of sCx46, sCx50, and their variants, we found that the open dwell
times were different among different GJs. To quantify open dwell time for each of these GJs, the
ijs of these GJs were further analyzed to obtain open dwell time for each open event (Fig. 2-8A).
At Vj of -60 mV, limited number of open events could be identified for sCx50-46NT during a 7second Vj pulse. A few open events for sCx46 and sCx46-R9N GJs and many more open events
for sCx50 and sCx50-N9R GJs were detected at the same Vj (Fig. 2-8A). The open dwell time for
all events was averaged for each variant GJ (Fig. 2-8B). In most of the tested Vjs, the rank of the
averaged open dwell time from long to short is in the following order: sCx50-46NT > sCx46 >
sCx50 > sCx46-R9N > sCx50-N9R GJs (Fig. 2-8B).
It is interesting to note that open event frequency was a lot higher for both sCx50 and sCx50-N9R
GJs and both GJs showed two types of openings, short (labeled by asterisks) and long (labeled by
arrows) opening events (Fig. 2-8A). Histograms of open dwell time were generated for both GJs
(Fig. 2-9) and each of them could be fitted with two-exponential components. For sCx50 showed
short (2 ms) and long (102 ms) open events at Vj 60 mV with a higher prevalence of the long open
events (63%) (Fig. 2-9). At Vj of 80 mV, the average of long open events became shorter (90 ms)
with slightly lower percentage (56%), while the average of the short open events is 3.9 ms with an
increased percentage (44%). Weighted average of time constants (τmean) for these two Vjs were
also calculated (Fig. 2-9). Upon mutating the 9th residue to arginine (sCx50-N9R) the long open
events became much shorter (26 ms and 31 ms) with reduced percentages (24% and 20%),
respectively for Vjs of 60 and 80 mV. The sCx50-N9R mean value was much lower than that of
sCx50.
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Fig. 2-8. Open dwell times of sheep lens GJs.
(A) The ijs (black) and schematic single channel openings (red) and closings (blue) were shown
for sCx50-46NT, sCx46, sCx50, sCx46-R9N, sCx50-N9R GJs. sCx50 and sCx50-N9R GJs
showed an apparently short (asterisks, *) and long (arrows) open events as well as a lot more open
events than the other GJs. Note that the first and the last open events were excluded due to that
they are likely under represent the open dwell time (e.g. exist in open state before or after the V j
pulse). (B) The averaged open dwell time for each GJ were plotted at different Vjs. The number of
events analyzed ranged from 33-832. Note that the open dwell time is plotted in logarithmic scale
to show large differences among these GJs. The ranking of the open dwell times of these GJs from
high to low is: sCx50-46NT > sCx46 > sCx50 > sCx46-R9N > sCx50-N9R.
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Fig. 2-9. Single Channel average open dwell times of sCx50 and sCx50-N9R GJs.
The open dwell time for all open events was plotted in a logarithmic histogram with 5 bins/decade
and fitted with two-exponential log components. The two time constant () values represent the
corresponding short and long open events for sCx50 (top histograms) and sCx50-N9R (bottom
green histograms). The mean values were calculated by taking the weighted average of the two 
values using the area under each peak for each of these variants at a specific Vj.
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Table 2-2. Boltzmann fitting parameters for homotypic sCx46, sCx50, and sCx46-R9N GJs.
Vj
Gmin

V0

A

Polarity†
sCx46

+

0.21 ± 0.02

39.0 ± 1.5

0.14 ± 0.04

(n = 6)

-

0.23 ± 0.03

38.6 ± 2.9

0.09 ± 0.02

sCx50

+

0.21 ± 0.04

40.1 ± 3.2

0.09 ± 0.02

(n = 5)

-

0.17 ± 0.04

44.5 ± 3.4

0.08 ± 0.02

sCx46-R9N

+

0.19 ± 0.03

33.2 ± 2.7

0.11 ± 0.03

(n = 5)

-

0.21 ± 0.05

38.0 ± 4.4

0.07 ± 0.02

Data is presented as mean ± SEM, and V0 are absolute values. One-way ANOVA followed by
Tukey post-hoc test was used to compare Boltzmann fitting parameters of all three GJs. None of
the parameters showed statistically significant differences for the same Vj polarity.
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2.5. Discussion
In this study, we investigated the roles of NT domain in two closely related sheep lens connexin
GJ channels in GJ-deficient model cells. The chimeras with the NT domain (the first 22 residues)
switched between sCx46 and sCx50 were either unable to form functional GJ channels (sCx4650NT) or formed functional channels (sCx50-46NT) with altered Vj-gating, reduced γj, and
increased channel open dwell time (a parameter for channel open stability). The point variants with
the 9th residue switched between these connexins were both functional with either little change
(sCx46-R9N) or virtual elimination (sCx50-N9R) of Vj-gating. The γjs of these point variants were
either increased (sCx46-R9N) or decreased (sCx50-N9R) as predicted from the MD simulations
with decreased or increased free energy cation permeation barriers, respectively. But the
magnitude of the γj increase in sCx46-R9N and the γj decrease in sCx50-N9R was more than the
expected from the free energy calculations. The averaged single channel open dwell times of both
sCx46 and sCx50 GJs were decreased with the increase in Vj values, and the dwell times of sCx46
GJ were consistently larger than those of sCx50 at each of the tested Vjs. The dwell times of both
sCx46-R9N and sCx50-N9R GJs were significantly reduced at all tested Vjs from their
corresponding wildtype GJs. Our data identified important roles of NT domain and the 9th residue
in determining of sCx46 and sCx50 GJ channel conductance (γj) and open stability.
To our knowledge, this is the first functional characterization of sheep Cx46 and Cx50 GJs with
dual patch clamp on macroscopic and single channel currents. Sheep connexins were selected
because we can directly align functional data with the high resolution GJ structure models (Myers
et al., 2018). An arising question is that whether sheep Cx46 and Cx50 are good models for their
homolog connexins in human, rodent, or other species. Protein sequence alignments of the entire
sheep Cx50 with mouse and human Cx50 revealed 87% and 85% sequence identity, respectively.
On the structure resolved domains (Myers et al., 2018), sCx50 showed an even higher sequence
identity (97% with mouse and 96% with human Cx50). Similarly, the sCx46 showed a high overall
sequence identity with mouse (65%) and human (66%) Cx46 as well as the structure resolved
domains (96% with mouse and 95% with human). The entire NT domains of Cx46 or Cx50 were
identical among sheep, mouse, and human. With this high level of sequence identities, we believe
that the sheep Cx46 and Cx50 GJ structures are excellent models for the corresponding homolog
connexins from human, rodents, and possibly other species. Our functional characterizations of
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sCx46 and sCx50 GJs also revealed several channel properties similar to those reported earlier on
rodent or human homolog connexins. First, Vj-gating properties of sCx46 and sCx50 GJs showed
a prominent gating extent reflected with their Boltzmann fitting parameters, such as low level of
the Gmin (~0.2 for both GJs), high sensitivity of Vj-gating (A in the range of 0.09 – 0.14 for sCx46
and 0.08 – 0.09 for sCx50), and half deactivation voltage (V0 of ~39 mV for sCx46 and 40-45 mV
for sCx50). These Boltzmann fitting parameters are qualitatively similar to those obtained from
rat or human Cx46 GJs and mouse or human Cx50 GJs (White et al., 1994; Srinivas et al., 1999;
Hopperstad et al., 2000; Pal et al., 2000; Tong et al., 2004; Xin et al., 2010; Kronengold et al.,
2012; Abrams et al., 2018). Second, at the single channel level, the γjs of rat Cx46 was measured
to be ~140 pS when using CsCl based intracellular solution (ICS; Hopperstad et al., 2000; Trexler
et al., 2000; Rubinos et al., 2014). Another study also on rat Cx46 GJ but with different ICS
showed different γjs, from 128 pS with KAspartate-based ICS to 213 pS with KCl-based ICS
(Sakai et al., 2003). The γjs of human Cx46 was determined to be 140 pS with occasional higher
conductance level (180 pS) using CsCl-based ICS (Abrams et al., 2018). The γj of sCx46 from
present study was 170 ± 3 pS using CsCl-based ICS, which is quantitatively different but is in the
similar range as those of rat or human Cx46 γjs. The γj of sCx50 (208 ± 3 pS) is the same as those
determined for mouse or human Cx50 GJs (200 – 220 pS; Srinivas et al., 1999; Xin et al., 2010;
Rubinos et al., 2014). Third, the single channel open dwell time of sCx50 showed two open states
qualitatively similar to those observed for mouse Cx50 GJ (Xin et al., 2012b; Tong et al., 2014).
A single missense variant N9R on sCx50 decreased open dwell time on tested Vjs, which is the
same as those observed effects of N9R in mouse Cx50 (Xin et al., 2012b). In summary, many of
the GJ channel properties of sCx46 and sCx50 are similar to those observed for the same connexins
in human, rodents, and possibly other species, indicating that sCx46 and sCx50 GJs are excellent
models for homolog GJs from human, rodent, and possibly other species.
Both sCx46 and sCx50 GJs displayed prominent Vj-gating in the range of our tested Vjs (±20 to
±100 mV). The relationship of normalized steady-state junctional conductance (Gj,ss) and Vj could
be very well described by a two state Boltzmann equation for each Vj polarity. A classic voltagegating model for voltage-gated ion channels is that during the gating process, a change in the
voltage results in movement of charge or a re-orientation of dipoles (the voltage sensor) relative
to the field, which leads to either closing or opening of the channel (Bezanilla, 2000). In the case
of GJ channels, the senor for Vj-gating is believed to reside in the pore lining residues (Harris et
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al., 1981; Bukauskas & Verselis, 2004; Bargiello & Brink, 2009). Removing a positively charged
residue in the pore lining NT domain of sCx46 by the variant R9N, showed no change in the Vjgating sensitivity (A, a Boltzmann parameter can be converted into gating charge, z) and in the
half deactivation Vj (V0), indicating that 1) the positive charge on R9 is unlikely to play a major
role in Vj-sensing or Vj-gating, and 2) there is no change in the free energy difference (ΔG0 =
zFV0) between aggregated open and closed states in the absence of a voltage field (Yifrach &
MacKinnon, 2002; Sukhareva et al., 2003; Xin et al., 2012a). The most striking change associated
with sCx46-R9N GJ was an over 50% increase in the γj.
In contrast to the findings on sCx46-R9N, both sCx50-46NT and sCx50-N9R GJs nearly
completely lost their Vj-gating with very little Vj-dependent deactivation on macroscopic
junctional currents (see Fig. 2-5). We believe that the underlying mechanisms of their apparent
loss of Vj-gating are different based on their single channel gating properties. In the case of sCx5046NT GJ, the single channel currents (ijs) showed long stable opening for all our tested Vjs with
very brief transitions to a residue or closed state, longer dwell time in the closed or residue states
were not observed unless at the highest Vjs (±100 mV). Quantitative measurements of open dwell
time of the sCx50-46NT GJ showed about 5-15 times longer than those of sCx46 and sCx50 GJs
(see Fig. 2-8). All these experimental observations are consistent with a model that switching the
NT of sCx46 into sCx50 (sCx50-46NT) stabilize open state of the GJ channel. A higher Vjs (over
±100 mV) might be required to gate the GJ channel to residue or closed state. However, in the case
of sCx50-N9R GJs, the opposite effects on ij were observed with reduced open stability (a much
shorter open dwell time than wildtype sCx50). In addition, long lived residue states were lost in
sCx50-N9R GJ and during the entire Vj pulses, the ijs displayed frequent transitions from closed
state to two open states (see Fig. 2-8 and Fig. 2-9). These data support a model where the sCx50N9R GJs in our experimental conditions are already gated (or not recovered from the Vj-dependent
deactivation during the Vj pulse interval) characterized with a fully closed state and frequent
transitions to short-lived open states. Consistent with this model, we observed significant gating
of sCx50-N9R GJ during their first large Vj exposure, not the subsequent Vjs (Yue and Bai
unpublished observations). Further experiments are needed to test these models fully.
The structure models of sCx46 and sCx50 indicate that the NT domains of these connexins formed
narrow constricted vestibules at the entrances of a GJ channel (Myers et al., 2018). Both physical
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steric constrictions (~10 – 12 Å pore diameter) and electrostatic properties formed by the NT
domains could directly influence the cut-off point and efficiency of permeable molecules (e.g. due
to differences in size, shape, and charge properties etc.) and the rate of ion permeation, which is
directly measurable as γj using dual patch clamp. MD simulation on all atoms of GJ structure
models of sCx46, sCx50, sCx50-46NT, sCx46-R9N, and sCx50-N9R revealed that they are all
displayed a near identical and much higher energy barrier for Cl‑ (the major intracellular anion)
than K+ (the major intracellular cation), making these GJs more permeable to cations. The free
energy landscape (described by PMF) for cation permeation was different in these variants, e.g.
lower ΔΔG values for sCx50 and sCx46-R9N, but higher ΔΔG for sCx46, sCx50-N9R, and sCx5046NT GJs. Our dual patch clamp data on these variants demonstrate that the γjs of these variants
were indeed in the right order from high to low: sCx46-R9N (263 pS) > sCx50 (208 pS) > sCx46
(170 pS) > sCx50-N9R (122 pS) = sCx50-46NT (116 pS), validating our MD simulation on the
free energy calculations at least on the qualitative levels. The surprises are that the sCx46-R9N γj
was much higher than that of sCx50 and the sCx50-N9R or sCx50-46NT γj was much lower than
that of sCx46. It is not fully clear on the reasons leading to these surprises, but could be due to one
or combinations of the following factors: 1) structural change with these variants not predicted by
our homology modeling; 2) cation/anion permeation ratio could be altered by the variants. Future
experiments are needed to resolve some of these possibilities. It is interesting to note that a
previous study on switching NT domains of mouse Cx50 and rat Cx46 also showed a decrease in
hemichannel unitary conductance in Cx50-46NT and surprisingly the hemichannel of Cx46-50NT
was functional (unlike our result that sCx46-50NT was unable to form functional GJs) with a
slightly higher hemichannel unitary conductance (Kronengold et al., 2012).
Variants in the genes encoding either Cx46 or Cx50 have been found to associate with congenital
cataract (Beyer et al., 2013). A total of nine missense variants (Cx50 W4R, L7P, S18F, G22S and
Cx46 G2D, D3Y, L11S, T19M, G22S) were found in the NT domains making this domain one of
the hot spots for cataract-linked variants (Beyer et al., 2013; Mackay et al., 2014; Micheal et al.,
2018; Zhang et al., 2018; Ye et al., 2019). Among these missense variants, Cx46 G2D, D3Y, and
T19M, have been shown to impair GJ function (Tong et al., 2013; Tong et al., 2015). Cx50 W4R,
G22S, and Cx46 T19M, G22S, showed impaired localization to the cell-cell junctions, which is
also predicted to impair GJ function (Tong et al., 2015; Zhang et al., 2018; Ye et al., 2019). These
studies indicate that the NT domain is an important functional domain for both Cx46 and Cs50.
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Variations in the residues in this domain often leading to changes to the GJ localization and
function, likely playing a role in the pathogenesis of cataract in those mutant-carrying family
members. Our study integrates structural and functional data to provide mechanistic insights on
how Cx46 and Cx50 GJs control ion permeation and gating stability, which may offer insights in
etiology of cataract-associated connexins variants and possibly other connexin-linked diseases.
In conclusion, this study investigated the functional GJ properties of sheep lens connexins and
aligned it with CryoEM structure models and MD simulation results. Single channel analysis
confirmed the important role of pore surface electrostatic charge on γj. A 9th residue point mutation
in sheep Cx50 increased positive charges lining the pore decreased γj, while the removal of a
positive charge in sheep Cx46 (R9N) resulted in the increase of γj. The Vj-gating properties of the
point variants demonstrated that the 9th residue of sCx46 is less sensitive to charge changes
compared with sCx50, which had drastically reduced Vj-gating in response to the N9R mutation.
Our data on single channel open dwell time and homology structure models indicate that open
stability of sCx46 and sCx50 is partially determined by interactions between the NT domain and
M1 or M2 domain of the same or the neighbor subunit. Combining functional study on point
variants and chimeras together with homology structure models and MD simulations of the same
connexins are very powerful in revealing molecular mechanisms governing unitary channel
conductance, Vj-gating, and gap junction channel open stability.
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Chapter 3
3. Discussion
3.1. Overall Study
This study aimed to correlate the functional properties of the lens GJs with molecular dynamic
studies developed based on the high-resolution structure models of sCx46 and sCx50 (Myer et al.,
2018). Channel properties such as Vj-gating, γj, and single channel open dwell times were
investigated. Electrophysiological recordings showed that sCx46, sCx50, sCx46-R9N, sCx50N9R, and sCx50-46NT were able to form functional homomeric homotypic GJs. Only sCx4650NT was not able to form functional GJ channels. To explore possible reasons for this loss of
function, we performed localization studies on sCx46-50NT fusion tagged with GFP. Imaging
results showed that sCx46-50NT was able to form GJ plaque-like aggregates at the cell-cell
interfaces, suggesting that the synthesis and trafficking of this chimera proteins were not impaired.
Instead, it is likely that the GJ channel was trapped into a closed non-functional state. Additional
experiments will be required to figure out the mechanisms of the impairment of this GJ.
Nevertheless, the Vj-gating characteristics of the functional GJ channels (sCx46, sCx50, and
sCx46-R9N) showed strong symmetrical Vj-dependent junctional current deactivation. In contrast,
sCx50-N9R and sCx50-46NT GJs showed very little junctional current deactivation in the range
of our tested Vjs. Single channel studies showed the host connexin sometimes adopting the donor
connexin’s properties. For example, γj analysis revealed that sCx46-R9N had an increased
conductance compared with sCx46 γj. In addition, sCx50-N9R and sCx50-46NT both showed
decreased γj compared with that of sCx50. The GJ of sCx46 showed longer open dwell time than
sCx50 GJ and the sCx50-46NT displayed a much longer open dwell time than those of both host
(sCx50) and donor (sCx46). However, both sCx46-R9N and sCx50-N9R showed a decrease in
open dwell time comparing to their respective host connexins.
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3.2. Sequence alignment and development of mutants
The 9th residue point variants and NT domain switched chimeras were generated based on the
sequence alignment shown in Fig 3-1. The first eight amino acid residues are identical between
sCx46 and sCx50; however, the 9th, 10th, 13th, 14th, and 15th residues are different. Specifically, the
9th and 13th amino acid residues have different charges on their side chain (R9 vs N9, and N13 vs
E13), whereas the 10th, 14th, and 15th amino acid residues showed conservative changes, either
hydrophobic to hydrophobic (L10 vs I10, A14 vs V14) or polar to polar (Q15 vs N15, Fig 3-1).
Because the NT domain has been shown to play a major role in determining channel properties
such as Vj-gating and single channel conductance (Kyle et al., 2008; Tong et al., 2014; Xin et al.,
2010; Xin et al., 2012), we believe these amino-acid residue differences are the most responsible
for the channel property differences observed between sCx46 and sCx50. Moreover, previous sitespecific mutagenesis studies have demonstrated that changing the charge of a single amino acid
residue in the NT domain can have profound impacts on the channel conductance and Vj-gating
(Tong et al., 2014; Xin et al., 2012). As a result, we wanted to investigate the 9th and 13th positions,
where there were amino acid side chain charge differences between sCx46 and sCx50. The reason
we focused exclusively on the 9th amino acid residue was because according to the pore radius
diagram published in Myers et al. 2018, the 9th residue formed one of the narrowest points along
the pore in the NT domain. Because of the close interaction between 9th amino acid residue and
the ions or molecules passing through the channel pore, we believe the 9th residue to have a
prominent influence on GJ channel properties. In addition, MD simulation results revealed the 9th
position to be one of the highest energy barriers to cation permeation. Moreover, the difference in
energy barrier to cation permeation between sCx46 and sCx50 is greatest at the 9th position.
Therefore, we designed the sCx46-R9N and sCx50-N9R point variants, where the 9th residues of
sCx46 and sCx50 were switched. After identifying the channel properties of wild type sCx46 and
sCx50, we studied if there were any property changes associated with the 9th residue point variants.
By comparing the channel properties of the 9th residue point variants and wild type sCx46 and
sCx50, we were able to isolate the changes that occurred after switching the 9 th residue. Any
channel property changes that occurred can be related to the 9th residue switch. Additionally, the
9th residue switch allowed us to predict that the recipient connexin will take on some properties of
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the donor connexin. The extent of this phenomenon would be determined by the importance of the
9th residue position.

Fig. 3-1. Sequence alignment of sCx46 and sCx50 at the NT domain.
Stars indicate amino acid residue differences in the NT domain. Amino acid residue differences
with different charge properties are labeled.

Our single channel conductance results partially matched our predictions. The sCx46-R9N adopted
a higher γj compared with wild type sCx46, and sCx50-N9R adopted a lower γj compared with
wild type sCx50. However, the magnitude of change was much greater than anticipated. Based on
the MD simulation results, sCx46-R9N adopted a lower energy barrier profile at the 9th position
that was very similar to sCx50. In contrast, sCx50-N9R adopted a higher energy barrier profile at
the 9th position similar to sCx46. As a result, we predicted sCx46-R9N and sCx50-N9R to adopt a
new γj that was between the γj of sCx46 (170 pS) and sCx50 (208 pS). More specifically, we
predicted that sCx46-R9N would have a γj closer to sCx50, while sCx50 would adopt a γj much
closer to sCx46. The larger magnitude change that was observed could be a result of the novel
interactions formed between the introduced 9th residue and the M1 domains. These interactions
could potentially change the conformation of the 9th position, resulting in altered interactions
between the 9th residue and ions or molecules passing through the channel pore. This would
amplify the effects of the 9th residue in determining channel properties such as conductance. A
simulation into the structural changes that occur at the 9th residue will need to be done to confirm
this speculation.
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In addition to switching the 9th residues of sCx46 and sCx50, we also investigated the effects of
switching the entire NT domain between both connexins. As mentioned earlier, there are multiple
amino acid residue differences between sCx46 and sCx50 (Fig 3-1). It would be very difficult to
investigate the functional properties that each residue difference contributes to the overall GJ
channel. As a result, we switched the entire NT domain and identified if there are any novel
properties of sCx46-50NT and sCx50-46NT. Again, by comparing the GJ properties of these
chimeras with those of the wild type connexins, we were able to isolate the role of the NT domain
for each connexin.
Surprisingly, sCx46-50NT was not functional, even though the localization results showed GJ
plaque-like aggregates. However, sCx50-46NT was functional and demonstrated a γj of 116 pS.
Compared with the γj of sCx50-N9R (122 pS), the γj of sCx50-46NT was not significantly different
from the single point variant. Because the NT domain switch includes the residue switch at the 9th
position (N9R), it is likely that the 9th residue switch played a substantial role in determining the
γj of sCx50-46NT. The small difference in γj between sCx50-N9R and sCx50-46NT suggests that
the 9th residue alone was responsible for most of the change observed in γj. Nevertheless, it is
possible that other residue differences may have played a substantial role in determining the γj of
sCx50-46NT. As seen in Fig 3-1, there is another charge difference at residue 13. This position
also lines the pore entrance. Changing the negatively charged Glutamate into polar uncharged
Asparagine during the NT domain switch would have resulted in a loss of negative electrostatic
charge in each connexin. Past studies have demonstrated that increasing negative charges in the
NT domain through point mutations resulted in higher γj (Tejada et al. 2018; Tong et al., 2014;
Xin et al., 2012). As a result, the removal of negative charges should have the opposite effect and
lower γj. Perhaps the introduction of a positive charge at the 9th position and the removal of a
negative charge at the 13th position both contributed substantially to the lower γj observed in
sCx50-46NT. Future studies will be required to investigate single point variants at the 13th residue,
such as sCx46-N13E and sCx50-E13N. This would allow us to identify the significance of the 13th
in determining γj.
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3.3. Comparison among human, sheep, and mouse lens GJs
Through evolution, many animals have developed or retained homologous proteins that are very
similar when compared with other animals. For example, in the lens of the eye, Cx43, Cx46, and
Cx50 can be found across many species, yet these connexins are highly similar in their sequence
and function (Mathis et al., 2010). In our study, we focused specifically on Cx46 and Cx50. The
sequence alignment between sheep, human, and mouse Cx46 shows very high similarities,
especially in the structurally resolved residues (1-97 and 145-240). In the residues 1-97, sCx46
and hCx46 or mCx46 have approximately 97-98% sequence identity and 94% in residues 145240). Similarly, sCx50 and hCx50 or mCx50 have approximately 99% sequence identity (94-96%
in positions 145-240). Interestingly, with only 1-6 residue positions that are different in these
structurally resolved areas, some differences have been observed in the GJ channel properties
among sheep and human or mouse.
Our results demonstrated sCx46 to have a γj = 170 pS, while sCx50 has a γj = 208 pS. Consistent
with our findings, other studies have shown that rat or mouse Cx46 has a lower γj compared with
Cx50 (Hopperstad et al., 2000; Srinivas et al., 1999; Xin et al., 2010). Very limited studies have
investigated the properties of human Cx46; however, pilot studies done in our lab showed hCx46
to have an extremely low coupling percentage (3/27 coupled) in N2A cells (unpublished
observations). Those that were coupled had very low coupling conductance displaying only a few
channels. Due to the low coupling percentage, we were unable to accumulate enough data to draw
any conclusions about γj or Vj-gating behaviors. The sCx50-N9R had a reduced γj compared with
wild type sCx50 (122 pS and 208 pS respectively). Interestingly, a similar decrease in conductance
was observed in mCx50-N9R compared with wild type mCx50 (132 pS and 205 pS respectively)
(Xin et al., 2010). The high sequence identities between sheep and mouse resulted in both
connexins displaying a similar response to the introduction of a positive electrostatic charge. Both
sheep and mouse Cx50-N9R showed a reduction in γj; however, this reduction is not of equal
magnitudes. An 86 pS (41%) reduction was observed in sCx50-N9R, whereas mCx50-N9R only
had a 73 pS reduction (36%). The few amino acid residue differences in the conserved portions of
the connexin could be responsible for the small difference in γj reduction. Moreover, the
differences in the non-conserved regions of the connexin such as the CL and CT may have also
contributed to differences in γj. For example, it has been shown that Cx46 and Cx50 CT truncations
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resulted in reduced macroscopic coupling conductance, but the single channel conductances were
not significantly affected (Slavi et al., 2016). Nevertheless, the N9R mutation resulted in a similar
effect in both species of Cx50. Both sheep and mouse Cx50-N9R showed a similar γj reduction,
which suggests that mouse and sheep Cx50 are indeed very similar.

3.4. Limitations and future studies
One major limitation that hindered our comparison between sheep, mouse, and human was the low
coupling percentage of hCx46 in N2A cells. Our pilot study demonstrated that only 11% (3/27) of
cell pairs that were patched on were coupled, and those that were coupled displayed only a few
channels. We speculated that this low coupling percentage may be due to N2A cells having
difficulty expressing or trafficking human Cx46 proteins; however, hCx50 showed high coupling
percentage (79% cell pairs coupled). If we were to re-visit hCx46, imaging studies can be done to
identify the reason why sCx46 has such low coupling percentage and conductance. One method
could be tagging the end of sCx46 with GFP fluorescent protein to determine if the issue lies in
the biosynthesis or the trafficking of the protein. However, extra controls must be performed on
sCx46-GFP because the large GFP protein could potentially affect the GJ channel biosynthesis
and channel properties.
We attempted to address this issue by switching our model cells to HeLa cells, which is a human
cell line. We believed that human cells would have better success expressing and trafficking human
connexin proteins. Our preliminary results showed hCx46 having 95% (20/21) coupling, which
was drastically improved over the 11% (3/27) coupling seen in N2A cells; however, 32% (12/37)
of our negative controls (both cells expressing only GFP) were positive. HeLa cells appeared to
have high endogenous expression of unidentified connexins, which made these cells unusable.
Interestingly, the behavior of the GJs found in untransfected HeLa cells resembled the Cx43 GJ
Vj-gating behavior. Even though hCx46 appeared to be functional in HeLa cells, we were not able
to utilize any data due to the negative control being positive. As a result, we were unable to fully
investigate the channel properties of hCx46. Nevertheless, we stumbled across the interesting
finding that different model cells respond to transient transfections differently and express GJ
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channels at different levels. Future studies could test different GJ-deficient model cells and identify
one that can express hCx46 efficiently.
Another limitation was encountered during open dwell time analysis. The sCx50-46NT GJ channel
had a very long open dwell time at 40 mV. The channel rarely closed during the 7 s V j-pulse that
was applied. As a result, there was no data point at 40 mV for sCx50-46NT. A solution to this
problem would be to prolong the Vj-pulse to 30 s or longer. However, the overall trend and
conclusions remain unchanged. Even without the 40 mV data, it can be demonstrated that sCx5046NT has one of the longest open dwell times.

3.5. Summary
Previous studies have demonstrated that the NT domain is critical in determining channel
properties, and minor differences in the amino acid residues can have profound effects. Sequence
alignments of sCx46 and sCx50 revealed very high similarities in the NT domain; however, key
amino acid residue differences prompted us to investigated the functional role of the of the NT
domain, especially the 9th residue in determining channel properties such as Vj-gating, γj, and
single channel open dwell times. By comparing the channel properties of sCx50, sCx46, sCx46R9N, sCx50-N9R, and sCx50-46NT, we were able to relate differences in channel properties to
the 9th residue or NT domain in the structure models. Furthermore, a comparison between sheep,
human, and mouse Cx46 and Cx50 revealed sCx50 and sCx50-N9R to have very similar γj
compared with a past study done on mCx50 and mCx50-N9R (Xin et al., 2010). Even though the
γj magnitude was slightly different between sheep and mouse, the overall change observed was the
same. Overall, our study managed to characterize the functional role of the NT domain and 9th
amino acid residue in sCx46 and sCx50 and align it with high resolution structure models as well
as MD simulations.
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